Recently, a family of temperature-activated ion channels has been identified in mammalian and nonmammalian species that appear to contribute to thermosensation. Two of these proteins, TRPV3 and TRPV4, are ion channels activated by modest increases in ambient temperature. Localization studies have indicated that both proteins, in addition to being expressed in sensory neurons, are also expressed in skin keratinocytes. These and other findings have suggested that keratinocytes might act in concert with sensory neurons to perceive our thermal environment. In this study, we demonstrate that primary keratinocytes isolated from mouse skin exhibit two distinct heat-evoked current responses to mild increases in ambient temperature. The more common of these response types bears considerable similarity to responses mediated by recombinant TRPV4, is absent in mice lacking this ion channel, and is restored upon TRPV4 reintroduction. The second, rarer response strongly resembles those mediated by recombinant TRPV3. Together, these findings demonstrate that keratinocytes can indeed act as thermosensory cells and that they do so via at least two distinct transduction mechanisms.
The skin forms an interface with our surroundings that is simultaneously protective and perceptual. The outermost skin layer, the epidermis, consists predominantly of stratified epithelial cells that differentiate to form a superficial layer of keratin-filled squamous cells together with dendritic cells, melanocytes, and sensory nerve endings. According to conventional dogma, nerve endings mediate the sensory functions of skin, whereas keratinocytes account for the mechanical and chemical barrier properties of the skin. However, this dichotomy may be overly simplistic. For instance, keratinocytes release substances such as neurotrophins and opioids that can sensitize or desensitize adjacent nerve endings (1, 2) . Along similar lines, recent data, described in the next paragraph, have led to speculation that keratinocytes might act as thermosensory cells that transmit information regarding ambient temperature to "warmth-sensitive" afferents.
TRPV1 is a cation channel originally identified as the receptor for the pungent vanilloid compound, capsaicin (3) . TRPV1 can alternatively be activated by low pH or painfully hot temperatures (i.e. Ͼ42°C). Responses to noxious heat are diminished in mice lacking TRPV1, and responses to moderately hot temperatures (42-52°C) are undetectable in TRPV1 null sensory neurons in vitro. Still, considerable heat responsiveness remains in TRPV1 knockout mice and in skin-nerve preparations explanted from them. These results demonstrate the existence of TRPV1-independent mechanisms of noxious heat transduction and suggest that such mechanisms may involve other cell types in addition to sensory neurons. The process by which mammals detect innocuous warm temperatures is even less well understood than that underlying thermal nociception despite the fact that nerve fibers responsive to warmth (i.e. 30 -42°C) were first identified decades ago (4) . Two TRPV1-related ion channel proteins, TRPV3 and TRPV4, are expressed in sensory neurons and can be activated by ambient temperatures exceeding ϳ30 -35°C when expressed heterologously (5) (6) (7) (8) (9) (10) (11) . In vivo, TRPV4 has been implicated in sensory neuron responsiveness to hypoosmolarity and mechanical nociception (11, 12) . As of yet, however, the potential contributions of neither TRPV3 nor TRPV4 to innocuous warmth perception have been explored. Interestingly, TRPV3 and TRPV4 protein and/or mRNA have been detected not only in sensory neurons but also in keratinocytes (6, 8, 10) . Moreover, the mouse keratinocyte-derived 308 cell line expresses both TRPV3 and TRPV4 and responds to gentle heating with currents that exhibit many features of recombinant TRPV4 (13) . TRPV4-mediated responses to warm temperatures have also been reported in endothelial cells (7, 14) . Still, there is no direct evidence that primary keratinocytes exhibit functional responses to heat. The objectives of this study were, therefore, to determine whether primary keratinocytes dissociated from mouse skin respond to warm temperatures and to evaluate the potential involvement of TRPV3 and/or TRPV4 in any such responses.
MATERIALS AND METHODS
Knockout Mice-Wild-type C57Bl/6 mice and TRPV4 Ϫ/Ϫ mice (12) backcrossed four generations onto a C57Bl/6 background were used for all studies. Protocols were approved by the Johns Hopkins Animal Care and Use Committee.
Cell Culture-All drugs and cell culture reagents were obtained from Invitrogen or Sigma. Primary mouse keratinocytes were cultured using a modification of a described method (15) . Newborn mice (postnatal day 1-3) were decapitated, and their limbs were removed. After washing with betadine, water, and 70% ethanol, trunk skin was removed, stripped of fat, and floated (epidermis upward) overnight at 4°C in a Petri dish containing 0.25% trypsin. The next day the epidermis was peeled from underlying tissue. Keratinocytes were harvested from both surfaces of the dissection plane by flushing with medium or gentle scraping and placed in mouse keratinocyte medium (13) . Cells were pelleted, resuspended in mouse keratinocyte medium, layered on a density gradient (Lymphoprep, Axis-shield, Oslo, Norway), and centrifuged (15 min, 500 rpm, 4°C). Keratinocytes, located at the interface of the resulting two layers, were recentrifuged and resuspended, counted, plated at 10 5 /cm 2 on glass cover slips, and assayed after 40 -80 h at 37°C and 5% CO 2 . Keratinocyte transfection was performed 24 h after cell plating using LipofectAMINE 2000 (Invitrogen) or ExGen 500 (Fermentas, Hanover, MD), and voltage clamp was performed after an additional 24 h. HEK293 1 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin, streptomycin, and glutamine and transfected using LipofectAMINE 2000.
Electrophysiology-For whole-cell voltage clamp analysis, the recording pipette was filled with internal solution containing 120 mM cesium aspartate, 10 mM CsCl, 1 MgCl 2 , 5 EGTA, and 10 HEPES (pH 7.4, adjusted with CsOH; 295 mosmol, adjusted with mannitol). Osmolarity was measured using a vapor pressure osmometer (Wescor, Logan UT). Cells were superfused with bath solution throughout the experiment. Bath solution contained 130 mM sodium Aspartate, 6 mM NaCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES (pH 7.4, adjusted with NaOH; 305 mosmol, adjusted with mannitol). For hypotonic bath solution, sodium aspartate was reduced to 110 mM, reducing the osmolarity to 260 mosmol. Mannitol was added to hypotonic solution to yield a 300 mosmol isotonic solution. In several experiments we used nominally Ca 2ϩ -free solution containing 130 mM sodium aspartate, 10 mM NaCl, 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES (pH 7.4, adjusted with NaOH; 305 mosmol, adjusted with mannitol). For evaluation of cationic selectivity, a solution containing 120 mM N-methyl-D-glucamine (NMDG) aspartate, 12 mM NMDG-Cl, 10 mM HEPES, 10 mM glucose (pH 7.4, adjusted with NMDG; 305 mosmol, adjusted with mannitol) was used. Because of their flat morphology, cells were treated briefly with trypsin-EDTA just before whole cell recording to facilitate seal formation and membrane capacitance measurement. An Axopatch 200B amplifier (Axon Instruments, Union City, CA) connected to a Digidata 1322A analog/digital converter (Axon) was used together with pClamp 9.0 software (Axon) to deliver voltage pulses and acquire and analyze data. Borosilicate glass electrodes had tip resistances of 1.5-2 megaohms when filled with pipette solution. We recorded whole-cell currents only when the series resistance was Ͻ7 megaohms without compensation. An agar salt bridge containing 3 M KCl was used throughout the experiment. Data were corrected for liquid junction potential, calculated using pClamp. Membrane capacitance was measured using a capacitance neutralization circuit and ranged from 19 to 71 pF (46 Ϯ 1.9 pF, n ϭ 44) for wild-type keratinocytes and from 21 to 54 pF (37.7 Ϯ 1.6 pF, n ϭ 32) for TRPV4 Ϫ/Ϫ keratinocytes. It is unclear whether the difference in capacitance reflects cell size differences between genotypes or selection bias during voltage clamp experiments. Data were low pass-filtered at 2 kHz and digitized at 3.3 kHz. Heat stimuli were delivered using an in-line heater (Warner Instruments, Hamden, CT) and monitored with a thermocouple (Physitemp, Clifton, NJ) placed within 4 mm of the microscopic field. Solution exchange was performed using a valve manifold (Warner). In all figures, I-V relationships illustrate raw whole-cell currents in the presence or absence of the indicated stimulus, whereas current density values plotted in bar graphs were calculated after subtracting the pre-stimulus base-line current. Throughout the manuscript, data are expressed as the means Ϯ S.E. of mean (S.E.), n ϭ number of observations. Unless otherwise indicated, statistical comparisons were made with unpaired Student's t test.
Expression Analysis-Total RNA was isolated from primary keratinocytes of wild-type and TRPV4 Ϫ/Ϫ mice with TRIZOL reagent (Invitrogen). Reverse transcription was performed as described (13) . TRPV3 and TRPV4 mRNA species were amplified via PCR by denaturation (95°C, 30 s), annealing (53°C, 30 s), and elongation (72°C, 2 min 30 s) over 40 cycles. Primers used for PCR (TRPV3, 5Ј-TCACCAAGAC-CTCTCCACC-3Ј and 5Ј-CGCGGTACCACCGACGTTTCTGGGAATTC-3Ј; TRPV4, 5Ј-GAGGTACCATGGCAGATCCTGGTGAT-3Ј and 5Ј-CGCGGATCCCTACAGTGGGGCATCGTCCGTC-3Ј) were designed to amplify across multiple intron-exon boundaries to avoid genomic DNA amplification. Immunofluorescence analysis of TRPV3 and TRPV4 expression was performed on formalin-fixed cells as described (13) . For immunoblotting, primary keratinocytes from wild-type or TRPV4 Ϫ/Ϫ mice were lysed using M-PER mammalian protein extraction reagent (Pierce) according to the manufacturer's instructions for TRPV4 blotting or lysed using 8 M urea containing protease inhibitor mixture (Roche Applied Science) for TRPV3 immunoblotting. Proteins were resolved by SDS-PAGE and immunoblotted with anti-TRPV4 (16) (a generous gift of Dr. Stefan Heller), anti-␤-actin (Sigma), or anti-TRPV3 (6) at dilutions of 1:5000, 1:5000, and 1:1000, respectively. For peptide competition, TRPV3 antigenic peptide (20 g/ml) was included with affinity-purified TRPV3 antibody.
RESULTS

Keratinocytes Exhibit Two Distinct Current Responses to
Warmth-We used whole-cell patch clamp to assay for responses of primary mouse keratinocytes to warm temperature stimuli. We applied a rapid temperature change from 22 to 43°C maintained for 30s, during which repetitive voltage ramps (Ϫ100 to ϩ100 mV over 200 ms) were delivered at 0.5 Hz (Fig. 1A) . Upon heating, substantial inward and outward transmembrane currents were observed at negative and positive potentials, respectively. These currents were observed in a majority of cells investigated (170/189) with amplitudes ranging from ϳ50 pA to ϳ4 nA at ϩ80 mV. In the presence of 2 mM extracellular Ca 2ϩ , heat-evoked currents (I heat ) showed strong desensitization during the heat stimulus (Fig. 1A, inset) , reverted to near base line upon return to 22°C, and were much smaller during repeated stimuli. Responses to heat were associated with a shift in reversal potential (E rev ) by 11.3 Ϯ 1.3 mV from Ϫ5.7 Ϯ 1.6 mV to 5.6 Ϯ 1.5 mV (p Ͻ 10 Ϫ5 in a paired t test, n ϭ 12). The heat-evoked component of these currents, obtained by subtracting currents recorded at 22°C from the peak currents during heat stimuli, reversed at 9.1 Ϯ 1.4 mV (n ϭ 12). The current-voltage relationship (I-V) of I heat showed weak outward rectification; the amplitude of outward currents at ϩ80 mV (16.3 Ϯ 1.6 pA/pF, n ϭ 12) was larger than that of inward currents at Ϫ80 mV (Ϫ6.5 Ϯ 0.6 pA/pF, n ϭ 12) by 2.5 Ϯ 0.1-fold (n ϭ 12). During slow heat ramps (22-40°C over ϳ60 s) current amplitudes increased slightly with temperature below 30°C but showed a steep increase once the temperature reached ϳ 32°C and desensitized at temperatures Ͼϳ38°C (Fig. 1B) . When all extracellular cations were replaced with the impermeant cation NMDG after I heat activation (Fig. 1C) , inward current was virtually eliminated, with almost no effect on outward current and a shift in E rev from Ϫ0.9 Ϯ 1.1 to Ϫ53.8 Ϯ 4.4 mV (n ϭ 6, p Ͻ 10 Ϫ4 , paired t test). Thus, most primary keratinocytes exhibit a weakly rectifying, desensitizing, cationic current activating in the warm temperature range.
In a very small proportion of cells (5/189) a second type of heat-evoked response was observed (Fig. 1D) . During heating to 43°C, repeated voltage ramps revealed currents showing a strong outward rectification with a E rev of Ϫ4.3 Ϯ 3.0 mV. Unlike the current responses described above, the amplitudes of these currents tended to increase slowly during the heat stimulus and to sensitize with repeated stimulation. In two cases, two distinct current components were identifiable in the same cell; one, like those observed in the majority of keratinocytes, that was rapidly activating and desensitizing, with weak outward rectification followed by one that was slowly activating and sensitizing, with strong outward rectification (Fig. 1E) . The difference in rectification between these two components could be most easily appreciated when the current amplitudes were normalized (Fig. 1F) . These strongly and weakly rectifying I-V relationships resembled those of heat-evoked currents mediated by recombinant TRPV3 (8, 10) and TRPV4 (6, 7), respectively, expressed in HEK293 cells (Fig. 1F, inset) or other cell types. Indeed, when mouse TRPV3 was heterologously expressed in cultured primary keratinocytes, the resulting heat-evoked currents exhibited the same properties as the rarer, sensitizing endogenous keratinocyte currents (Fig. 1G) .
Consistent with these findings, reverse transcription-PCR revealed the presence of transcripts encoding both TRPV3 and TRPV4 in the primary keratinocyte cultures (Fig. 2A) . Immunostaining with TRPV3-and TRPV4-specific antisera revealed the presence of both proteins in nearly all cells (Fig. 2, B and C) . As in the 308 keratinocyte cell line (13), immunoreactivity for both proteins was predominantly intracellular, with little apparent fluorescence at the plasma membrane and with the strongest signal exhibiting a nuclear or perinuclear distribution. In both cases immunoreactivity was absent upon competition with antigenic peptide (not shown). Immunoblotting of whole-cell lysates derived from the cultured keratinocytes with anti-TRPV3 revealed a discrete band at ϳ117 kDa and a more diffuse band between 150 and 200 kDa (Fig. 2E) . Immunoblotting with anti-TRPV4 revealed bands at ϳ102, 106, and 115 kDa (Fig. 2F) , consistent with previous results from the 308 cell line and with reports that TRPV4 can exist in glycosylated form (17) .
Although TRPV1 is expressed at highest levels in primary nociceptive neurons (3), immunohistochemistry has revealed it to be expressed at lower levels in a number of other neuronal and non-neuronal cells, including skin keratinocytes (18, 19) . Indeed, capsaicin has been shown to activate immortalized human keratinocyte-derived cell lines in vitro (19, 20) . We, therefore, explored whether TRPV1 might mediate some of the warmth responsiveness of primary mouse keratinocytes. As in the 308 cell line (13), capsaicin (10 M) failed to evoke any detectable currents in these cells (data not shown). This observation together with the fact that the currents we observed were evoked at temperatures far lower than the threshold for TRPV1, suggests that this molecule is unlikely to account for the responses described in this study.
Desensitizing Warmth-evoked Currents Exhibit TRPV4-like Pharmacology-TRPV4 was originally identified as a sensor of hypoosmolarity (5, (21) (22) (23) . Moreover, osmolarity affects TRPV4 responsiveness to heat (6) . We therefore evaluated the effect of hypoosmolarity on the TRPV4-like keratinocyte I heat (Fig. 3A) . We pretreated cells with 260-mosmol external solution for 30 s, in response to which no measurable change in base-line current was observed (n ϭ 6). However, I heat recorded in hypotonic solution was significantly and consistently larger than that recorded in isotonic solution (current amplitudes at Ϫ80 mV and ϩ80 mV: isotonic, Ϫ7.7 Ϯ 0.6 and 17.0 Ϯ 2.2 pA/pF; hypotonic, Ϫ13.4 Ϯ 2.3 and 32.4 Ϯ 4.9 pA/pF, n ϭ 6, p Ͻ 0.05 in both groups), consistent with a role for TRPV4.
We next evaluated the effect of ruthenium red (RR, 1 M), a nonselective TRPV channel blocker (8, 21, 24, 25) , on I heat (Fig.  3B) . Interestingly, RR alone applied at 24°C induced an increase in outward current that began within ϳ10 s and exhibited a time constant of 31.9 Ϯ 7.7 s (n ϭ 8) without a corresponding inward current. When heat was applied after RR pretreatment, the outward current increased further together with a very small increase in inward current. Under these conditions the inward I heat amplitude was ϳ39% that recorded in the absence of RR (RR, Ϫ2.1 Ϯ 0.7 pA/pF; control, Ϫ5.2 Ϯ 0.9 pA/pF at Ϫ80 mV, n ϭ 6, p Ͻ 0.05), whereas the outward current was ϳ195% that of control (RR, 26.0 Ϯ 5.6 pA/pF; control, 13.3 Ϯ 2.7 pA/pF; n ϭ 6, p Ͻ 0.05). After an initial rise, the outward current typically desensitized despite continuation of the heat stimulus. In many cases, the resulting amplitude after desensitization was much smaller than that before the heat stimulus. In separate experiments conducted in the absence of external Ca 2ϩ and with a stimulus temperature of 38°C, RR application after I heat had reached its peak, reduced the inward current to 31.1 Ϯ 7.4% that of control at Ϫ80 mV, and enhanced the outward component to 370.7 Ϯ 104.9% that of control at ϩ80 mV(n ϭ 5).
Exposure of keratinocytes to the TRPV4 agonist 4␣-PDD (10 M) (26) evoked a delayed-onset current response appearing 63 Ϯ 13 s after the initiation of drug exposure and peaking at 145 Ϯ 14 s (n ϭ 6) (Fig. 3C) . The current activated by 4␣-PDD showed a weak rectification ratio (2.0 Ϯ 0.2 at Ϯ80 mV, n ϭ 6) compared with that of I heat. However, the current density after subtraction of base line (77.2 Ϯ 7.3 pA/pF, Ϫ40.2 Ϯ 5.1 pA/pF at Ϫ80 mV and ϩ80 mV, respectively, n ϭ 6) was far greater than that of I heat . The current reversed at 6.8 Ϯ 2.3 mV, compared with Ϫ5.7 Ϯ 2.3 mV before 4␣-PDD stimulation (p Ͻ 0.005, n ϭ 6). Heating to 42°C after 4␣-PDD washout evoked a further increase in current amplitude. As with RR, the current rapidly desensitized during the heat stimulus to an amplitude lower than that observed before heating.
TRPV4 Is Essential for the Desensitizing Warmth-evoked Current
Responses-To more definitively establish whether the desensitizing warmth-evoked keratinocyte current was dependent upon TRPV4, we assayed primary keratinocytes derived from TRPV4 Ϫ/Ϫ mice (12). Reverse transcription-PCR confirmed the absence of full-length TRPV4 mRNA ( Fig. 2A) , whereas immunoblotting revealed the absence of the expected TRPV4-immunoreactive bands from these cells. Unlike primary keratinocytes derived from wild-type mice, none of the 80 TRPV4 Ϫ/Ϫ keratinocytes tested exhibited detectable heatevoked currents (Fig. 4A) , even with repeated exposure to 48°C (not shown). Moreover, hypotonic conditions did not induce or enhance current responses alone or in combination with heat (Fig. 4A) . Likewise, neither RR (1 M, Fig. 4B ) nor 4␣-PDD (10 M, Fig. 4C ) evoked any increase in current amplitude at 24 or 42°C. In contrast, adenosine triphosphate (ATP, 100 M) evoked equally robust, desensitizing inward currents in cells of both genotypes (Ϫ52 Ϯ 10.6 pA/pF in TRPV4 ϩ/ϩ and Ϫ56.3 Ϯ 15.7 pA/pF in TRPV4 Ϫ/Ϫ at Ϫ60 mV, n ϭ 8, p Ͼ 0.4), indicating that the cells were electrophysiologically responsive and consistent with the report that keratinocytes express ATPgated ion channels (27) .
Because the TRPV4 gene was disrupted within the region encoding the cytosolic amino terminus (12), it is possible that an aberrant or alternatively spliced form of the TRPV4 protein is produced in these animals. Indeed, reverse transcription-PCR using primers 3Ј of the site of gene disruption revealed that a transcript is produced from this region (not shown). Moreover, TRPV4-like immunofluorescence persists in cultured TRPV4 Ϫ/Ϫ keratinocytes (Fig. 2D) , and faint protein bands of ϳ114, 110, and 72 kDa are seen in immunoblots from TRPV4 Ϫ/Ϫ keratinocytes (Fig. 2F) . To exclude the possibility that it is the presence of products of the disrupted TRPV4 locus rather than the absence of full-length TRPV4 that accounts for the electrophysiological phenotypes we observed, we transfected keratinocytes derived from TRPV4 Ϫ/Ϫ mice with the mouse TRPV4 cDNA and analyzed them electrophysiologically. TRPV4-transfected mutant keratinocytes exhibited heatevoked currents remarkably similar to those of wild-type keratinocytes, characterized by an onset at warm temperatures, a slight outward rectification, and desensitization upon prolonged heating (Fig. 5, A and B) . No such responses were observed in mutant keratinocytes transfected with control vector. At 24°C, RR (1 M) also evoked robust outward current responses in TRPV4 Ϫ/Ϫ keratinocytes transfected with TRPV4 but not with control vector (Fig. 5C ). Superimposition of a 42°C heat stimulus resulted in an additional increase in the outward current amplitude, with only a modest inward current. Quantification of these responses revealed that in TRPV4 Ϫ/Ϫ keratinocytes transfected with the TRPV4 cDNA, the ratio of RR-evoked outward current at 24°C to that at 42°C (I RR (24°C) /I RR(42°C) ) closely resembled that of wild-type keratinocytes and was significantly greater than that in HEK293 cells transfected with TRPV4 (Fig. 5D) . Thus, it is the absence of TRPV4 that accounts for the response deficits observed in the TRPV4 null cells. Moreover, TRPV4-mediated responses in these cells differ from those in HEK293 cells. DISCUSSION We have demonstrated for the first time that warm temperatures evoke current responses in primary mouse keratinocytes by at least two distinct mechanisms, one dependent on TRPV4 and the other apparently mediated by TRPV3. The heat-evoked currents observed in the majority of the keratinocytes appear to involve TRPV4 given that they exhibit 1) an activation threshold of ϳ32°C, 2) an outwardly rectifying I-V relationship with E rev ϳ10 mV, 3) cationic permeability and inhibition of inward currents by RR, 4) desensitization by prolonged and repeated heat stimuli, 5) amplitude enhancement by hypoosmolarity or 4␣-PDD, 6) lack of heat-evoked currents in TRPV4 Ϫ/Ϫ keratinocytes even after pretreatment with hypoosmolarity or 4␣-PDD, and 7) faithful recapitulation of heat responses in TRPV4 Ϫ/Ϫ keratinocytes transfected with TRPV4 cDNA. These findings are consistent with our previ- TRPV4 (C and D) . Arrow, apparent cell-surface fluorescence. E and F, immunoblot analysis of TRPV3 (E) and TRPV4 (F) in TRPV4 ϩ/ϩ or TRPV4 Ϫ/Ϫ keratinocyte lysates. Molecular size markers are indicated at the left. In TRPV3 blots specificity was demonstrated using antigenic peptide competition. In both cases immunostaining for ␤-actin (bottom) was used as a loading control.
FIG. 4.
Primary keratinocytes from TRPV4 ؊/؊ mice lack I heat . A, top, current amplitudes and I-V traces in two different TRPV4 Ϫ/Ϫ keratinocytes during a heat stimulus under isotonic (black) or hypotonic (red) conditions. Bottom, mean I heat density change obtained by dividing the I heat amplitude change (amplitude at 42°C minus that at 24°C) by the membrane capacitance, in TRPV4 ϩ/ϩ (open bars) versus TRPV4 Ϫ/Ϫ (filled bars) keratinocytes under isotonic or hypotonic conditions at ϩ80 mV (upward bars) or Ϫ80 mV (downward bars). n ϭ 6; *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.001. B, top, current amplitudes and I-V traces in TRPV4 Ϫ/Ϫ keratinocyte during the application of 1 M RR alone and together with heat. Bottom, current change, normalized to membrane capacitance. The base line was current amplitude before RR application in both cases. n ϭ 6; *, p Ͻ 0.05. C, top, current amplitude and I-V traces during application of 10 M 4␣-PDD and subsequent application of heat. Bottom, current density comparison with TRPV4ϩ/ϩ. The base line was the current amplitude before 4␣-PDD application in both cases. n ϭ 6; *, p Ͻ 0.05; **, p Ͻ 0.001; ***, p Ͻ 10 Ϫ5 . ously reported observation that the mouse keratinocyte-derived 308 cell line exhibits similar heat-evoked currents that appear to be mediated by TRPV4 (13) .
Despite our consistent observation of hypoosmotic enhancement of warmth-evoked responses, hypoosmotic buffer at 25°C failed to produce measurable currents in our cells with any regularity. This finding, too, is similar to what we observed in 308 cells (13) and may reflect the slow onset of hypoosmotically evoked responses (6, 26) , the marked temperature dependence of osmotic activation of TRPV4 (5, 28) , or cell type-specific differences in the expression of phospholipase A 2 , whose generation of arachidonic acid appears to be critical for TRPV4 activation by hypoosmolarity (14) .
In nearly all keratinocytes assayed, we also observed slowly developing outward currents at strongly positive potentials upon application of RR at room temperature. These currents were further increased by heating to 42°C and were observed in both the presence and absence of extracellular Ca 2ϩ . RR is a hexavalent cation that produces a robust inhibition of 4␣-PDDevoked TRPV4 currents over the negative potential range, with little blockade at strongly positive potentials, by interacting with a negatively charged residue in the TRPV4 pore loop domain (29, 30) . Although we cannot completely exclude the involvement of other channels in this response, contamination with a strongly rectifying K ϩ current appears an unlikely contributor given that the response persists when the pipette solution contains Cs ϩ as the sole monovalent cation. More importantly, TRPV4 is clearly necessary for this phenomenon, since primary keratinocytes derived from TRPV4 Ϫ/Ϫ mice failed to exhibit RR-evoked outward currents, and these responses were restored upon TRPV4 transfection.
The mechanistic basis of the TRPV4-dependent RR-evoked outward current is unclear. No current-stimulating effect of RR has previously been reported for recombinant TRPV4, and we, too, failed to observe any such effect in HEK293 cells transfected with mouse TRPV4. We have found that RR evokes slow outward current responses mediated by recombinant TRPV3. 2 However, such current responses arise at least 10-fold more slowly than those observed in keratinocytes. The keratinocyte outward current response to RR may be a cell type-specific characteristic given that we observed a similar phenomenon in the mouse 308 keratinocyte cell line (13) . It is possible, for example, that in keratinocytes, TRPV4 heteromultimerizes with TRPV3 or other channel subtypes to produce a RR-responsive channel. The selective elimination of keratinocyte TRPV3 by gene disruption or RNA interference would allow this hypothesis to be tested. Alternatively, the peculiar effects of RR on keratinocyte TRPV4 might stem from posttranslational modification (17) or association with nonchannel proteins (31, 32 ). Yet another possible explanation for this phenomenon is that RR interacts with other cell surface molecules such as calcium-sensing receptors, which are known to be expressed by keratinocytes (33) , and that these receptors sensitize TRPV4 to heat through the activation of G protein-coupled signaling pathways (28) .
In a very small proportion of keratinocytes we detected a second TRPV3-like heat-evoked current. This current exhibited stronger outward rectification than the TRPV4-like currents, with E rev ϳϪ5 mV. Also in contrast to the TRPV4-like currents, this second response type exhibited sensitization rather than desensitization during repetitive heat stimuli. Indeed, we could readily record currents with identical characteristics in primary keratinocytes transfected with mouse TRPV3. Together, these findings suggest that TRPV3 mediates the endogenous, sensitizing heat-evoked responses of primary keratinocytes.
There are several possible explanations for the relatively low prevalence of TRPV3-like heat responses observed among primary keratinocytes. First, heat may be a weak TRPV3 agonist, and the TRPV3 expression level may be too low in most (but not all) primary keratinocytes to permit a detectable response to this stimulus. Second, a cofactor, posttranslational modification, or specific pattern of subcellular localization essential for efficient cell-surface TRPV3 function might be missing under our experimental conditions. The mostly intracellular immunostaining patterns observed for TRPV3 and TRPV4 may be relevant in this regard. Third, TRPV3 function may be under tonic suppression in the native context. Overexpression of TRPV3 in HEK293 cells or keratinocytes resulted in heatevoked responses in a majority of cells assayed. This result may simply reflect mass action (first two scenarios) or saturation of the putative suppressive machinery (third scenario).
What might be the functional significance of heat-sensitive TRPV channels in keratinocytes? One possibility is that TRPV3 and/or TRPV4 participate in keratinocyte Ca 2ϩ homeostasis in response to subtle changes in skin temperature. Any such effects in turn might influence Ca 2ϩ -dependent processes such as keratinocyte differentiation, proliferation (34), or epithelial junction formation (35) . The recent demonstration that 14,15-epoxyeicosatetraenoic acids can activate transglutaminases in keratinocytes (40) is particularly interesting in this regard given the fact that TRPV4 has shown to be a target of structurally similar cytochrome P450 arachidonic acid metabolites (29, 36) . Even intracellular TRPV3 or TRPV4 may be important for such processes, since abnormalities in intracellular calcium flux underlie heritable keratinocyte disorders such as Darier's disease (37) and Hailey-Hailey disease (38) . Another, more tantalizing possibility is that keratinocyte TRPV3 and/or TRPV4 contribute to the conscious or unconscious perception of elevated ambient temperatures by releasing factors such as ATP, which is recognized by neighboring sensory afferents and has been implicated in warmth transduction (8, 13, 39) . In two recent studies withdrawal responses to very high temperatures and thermoregulatory responses to a cold environment were reported to be normal in mice lacking TRPV4 (12, 16) . However, these studies did not address the potential involvement of TRPV4 in the transduction of warmth or moderately painful heat nor did they examine the possibility that keratinocytes as well as sensory neurons might participate in such responses. Our demonstration that keratinocytes can detect warm temperatures by mechanisms that are apparently TRPV3-and TRPV4-dependent lends credence to these possibilities and indicates that potential thermosensory functions for keratinocyte TRPV3 and TRPV4 should be explored in vivo.
